I. Single-unit recordings were obtained from 551 fibers in the vestibular portion of the eighth nerve in awake rhesus monkeys. Slightly more than half of these recordings were from normal animals and the remainder from animals adapted to dove prism (leftright) reversing spectacles for 2 or more weeks.
I. Single-unit recordings were obtained from 551 fibers in the vestibular portion of the eighth nerve in awake rhesus monkeys. Slightly more than half of these recordings were from normal animals and the remainder from animals adapted to dove prism (leftright) reversing spectacles for 2 or more weeks.
2. Horizontal vestibuloocular reflex (VOR) gains were determined at intervals throughout the recording period (several weeks for each animal), using passive sinusoidal oscillations of the whole animal about the vertical axis at 0.2 Hz, 220". Mean horizontal VOR gain for the normal animals was 0.94 (range, 0.91-0.98) and for the prism adapted, 0.15 (range, 0.05-0.2). The latter showed large phase lags relative to normal (mean, -93"; range, -15 to -160").
3. On the basis of their responses to angular head oscillations and the dynamic and static phases of forward or backward head tilting, eighth nerve fibers were classified as otolith or semicircular canal afferents, and the latter assigned to one of the three canals. The proportions of the various fiber types were very similar in the normal and prism-adapted animals, and each included a small percentage of fibers that were unresponsive to any of the stimuli employed.
4. Canal fiber responses to sinusoidal angular oscillations were normalized to provide a best estimate of their sensitivity to head velocity (in spikes l Udeg l s-l) when the response plane of the canal in question coincided with the horizontal stimulus plane.
5. Nonparametric statistical tests applied to the population data for the canal afferents in normal and adapted animals failed to reveal any significant differences in their resting discharge rates or their responses to sinusoidal angular head oscillations (sensitivity or phase) with one minor exception: activity of horizontal canal units in the adapted animals was on average a few degrees more phase advanced than that in the normals. Since this difference was small and uncorrelated with the much larger phase lags seen in the vestibuloocular responses of the adapted animals, it is thought to result from biased sampling. Correlations between these measured parameters (resting discharge rate, sensitivity, phase) were also not significantly different in normal and adapted animals. 6 . We conclude that the signals carried by the semicircular canal primary afferents in the monkey do not undergo any significant modification when the animal adapts to reversing prisms and the modifiable elements responsible for the observed changes in the vestibuloocular reflex must lie within the central nervous system. INTRODUCTION The receptor hair cells in the semicircular canals, together with the primary afferent terminals innervating them, are both known to receive an efferent input from the brain stem (12) . A number of effects have been attributed to these efferents in lower vertebrates, including discharges related to optokinetic responses (13) and saccadic eye movements (22). However, single-unit studies have failed to reveal any such effects in awake monkeys (11, 14) , though changes in the maintained discharge rates of primate canal afferents have been observed following caloric irrigation of the contralateral canals (15) and electrical stimulation in the brain stem (9) . We therefore decided to investigate the possibility that in the monkey these efferents were concerned not with ongoing, transient behavior, but with long-term events such as the adaptive changes that occur in the vestibuloocular reflex (VOR) when the visual input normally associated with head movements is disturbed by various optical devices (7, 10, 17, 18, 20) . For this reason, we recorded activity from semicircular canal primary afferents in awake rhesus monkeys before and after they had adapted to dove prism (right-left reversing) spectacles. The data that will be presented here failed to reveal any significant changes in canal afferent discharge following prism adaptation, and we conclude that the modifiable elements subserving adaptive gain and phase changes in the VOR must reside in the central nervous system.
METHODS
Four adolescent rhesus monkeys were prepared for chronic recordings from the eighth nerve. Under Nembutal anesthesia, bolts were implanted in the skull to secure a pedestal, which could carry the dove prism spectacles and would allow the head to be fixed in the normal stereotaxic position. Eye movements were recorded through implanted silver/silver chloride electrodes (after Bond and Ho, Ref. 1) using conventional DC electrooculography; monkeys had been previously trained on a fixation task to facilitate calibration of these signals. During recording, monkeys were seated in a primate chair that could be oscillated about the vertical axis by a servo-driven torque motor under the control of a waveform generator. The monkey's head was secured to the chair by a small platform, which could be tilted 25" forward or backward, the axes of oscillation and tilt meeting at the center of the animal's interaural line. With the platform in its normal upright position, the animal's head was held in the standard stereotaxic position.
Measurement of VOR gain
Horizontal VOR gains were measured using the techniques previously described (17) , usually once a week throughout the period of unit recordings. Normal horizontal VOR gains measured with 0.2 Hz, t20" sinusoidal oscillations ranged from 0.91 to 0.98 (mean, 0.94) and after prism adaptation, ranged from 0.05 to 0.2 (mean, 0.15), with phase lags ranging from -15Oto -160" relative to normal (mean, -93"). There were two major reasons for choosing dove prism spectacles over other optical devices: 1) they elicit large unequivocal changes in the phase as well as the gain of the VOR; 2) when arranged as here to give left-right reversal, they evoke changes mainly in the horizontal VOR; the vertical VOR in this situation is probably normal (10) . It was expected that any adaptive changes in the labyrinth would be manifest mainly in the horizontal canal system, and the vertical canal responses would provide a good control against sampling problems.
Unit-recording techniques
Single units were recorded with glass-coated, platinum-iridium microelectrodes, which were lowered into the nerve with a hydraulic microdrive mounted on a cylinder implanted stereotaxi&y on the skull (after Evarts, Ref.
3). Recordings were amplified using conventional techniques, displayed on an oscilloscope and audiomonitor, and passed through a Schmitt trigger to yield standard pulses that could be recognized by our computer (DEC PDP-12). These pulses, together with chair position and eye position signals, were recorded on a multichannel FM analog tape recorder (DC-1250 Hz) for subsequent digitization and analysis on the computer.
Computer analysis
Unit pulse data from 20-36 cycles of chair oscillation were pooled in a moving average display consisting of 500 points, each representing the discharge frequency averaged over a time bin of width At milliseconds centered at that point. At values were selected to correspond to approximately 1% of the period of the chair oscillations: 12 ms for 1 .O Hz oscillations, 24 ms for 0.4 Hz, 48 ms for 0.2 Hz, and 96 ms for 0.1 Hz. The analog chair position signal was digitized and then displayed in the same way as the unit data. A cursor, positioned under manual control, allowed the user to determine various parameters in the display, which were then used to derive: I) the period (T,) of the chair oscillations; 2) the time interval (T2) between the peak excitatory neural response and the peak chair position; 3) the peak-to-peak amplitude of discharge (see Fig. 1 ). From these measures we calculated the phase of the excitatory neural The moving average computer display employed in the quantitative analysis of canal afferent responses to chair oscillation. A cursor was used to determine: I) the period of the chair oscillation (T,); 2) the time interval between the peak excitatory neural response and the peak chair position ( T2), from which could be derived the phase of the excitatory response; 3) the peak-to-peak neural response (R), from which it was possible to estimate the sensitivity of the fiber to angular head oscillations. Discharge rate is in spikes s-l.
response and the sensitivity of the neuron to chair velocity (peak-to-peak neural response/peak-topeak chair velocity) in spikes l s-'/deg l s-l. Peakto-peak sensitivity was computed since the peak measures standardly used in the literature were excessively sensitive to drift in the resting discharge rates. The deviations from peak measure are likely to be small.
The peak-to-peak measure could not be used with units driven to cutoff (lo/229 horizontal canal units and 41192 vertical canal units). These units, unfortunately, had very irregular resting rates; hence, in applying the usual peak measure of sensitivity, we used the discharge rate at half-period separation as a measure of their ' 'resting' ' rate.
Histological verijca tion of recording sites
The flocculus overlies the eighth nerve at the point where we chose to record it (lo-12 mm lateral to the midline) and on leaving the flocculus, with its characteristic oculomotor-related activity, it was usual to record a brief period of silence before encountering low-level, highfrequency unitary activity (evident as a hum over the audio monitor), which was typical of the vestibular portion of the nerve. Microstimulation at this point with l-s pulse trains (10 PA, 0.5 ms, 300 Hz) induced nystagmus with contralaterally directed slow phase, contrasting with the ipsilaterally directed movements seen with floccular stimulation (21). Microlesions were made at the last successful recording site by passing DC current through the microelectrode (electrode positive, 10 PA for 50 s). Approximately 1 wk later, animals were deeply anesthetized and perfused with saline followed by Formalin. After removal of the brain, with preservation of as much of the eighth nerve as possible, the brain stem and cerebellum were subsequently embedded in celloidin. Parasagittal serial sections were then cut (50 pm thickness) and stained with cresyl violet. Microlesions in the nerve were quite difficult to locate, but the prominent damage from the electrode tracks in the flocculus proved to be a most useful guide and we were able to confirm that the recording electrode had been in the vestibular nerve.
Experimental protocol
Unit recordings were obtained from four monkeys, initially when normal and subsequently after at least 2 wk adaptation to dove prism, left-right reversing spectacles (low-gain animals). It should be noted that all oscillation data were gathered with the animals in total darkness and, except during the VOR calibration, the adapted animals continued to wear the prism spectacles at all times.
All units whose activity modulated during sinusoidal chair oscillations about the vertical axis were assumed to be semicircular canal primary afferents. The activity of an appreciable number of units recorded in the vestibular nerve did not modulate with even the most vigorous oscillations possible with our servo-driven chair (e.g., 1.0 Hz, t 15") with the head held in any of the possible tilt positions. Most of these showed tonic changes in their steady discharge rates with static head tilt and thus were assumed to be primary afferents innervating the otolith organs (cf. Refs. 5, 6). Particular care was taken to document units unresponsive to either tilt or chair oscillation in the event that canal afferents should become insensitive in the adapted animals. Presumably, these unresponsive units were either otolith afferents not modulated by pitch tilting or efferent fibers. The following experimental protocols were used with the presumed canal afferents.
Units were assumed to innervate the horizontal canal if, with the head in the standard stereotaxic position, oscillation about the vertical axis resulted in their excitation during the ipsilateral phase; such units did not alter their discharge during the dynamic phase of pitch tilting and their modulation during chair oscillation was always least when the head was in the tilted-back position. Units were assumed to innervate the vertical canals if, with the head in the standard stereotaxic position, oscillation about the vertical axis resulted in their excitation during the contralateral phase; such units were always excited by pitch tilting in one or other direction, those excited during forward tilt presumably innervating the anterior canal and the remainder, the posterior canal (cf. Ref.
2). Invariably, the activity of these presumed vertical canal units showed greatest modulation during chair oscillations when the head was in the tilted-back position.
The response of a semicircular canal primary afferent to angular accelerations clearly depends on the exact orientation of the canal relative to the stimulus. Thus, in order to compare data from one canal to another, it is necessary to determine their orientations and then select some standard for comparison. We achieved this by determining the primary afferent responses to standard chair oscillations about the vertical axis with the head held in various forward or backward tilt positions. The sinusoidal oscillations were 0.2 Hz, 220" for all horizontal canal units and 0.4 Hz, 520" for the verti- Figures 2 and 3 show this effect for afferents from an anterior and a horizontal canal, respectively, the responses to chair oscillation being normalized with respect to those in the normal stereotaxic position (zeropitch position). Similar curves were constructed for each of the 12 canals from which the present recordings were taken, each data point being based on recordings from six or more afferents.
For each of the vertical canals it was possible to determine a "reversal" point at which the polarity of the neural response to chair oscillation changed from being excitatory during the contralateral phase (characteristic of the normal stereotaxic position) to excitatory during the ipsilateral phase (see Fig. 2 ). This reversal invariably occurred with forward (nose down) tilt positions, but "reversed" responses were recorded from only two (of eight) of the vertical canals due to the limited tilt capability of our equipment (k25"); hence, most of the reversal points had to be determined by extrapolation. The reversal point defines the pitch angle at which the response plane of the vertical canal is orthogonal to the horizontal stimulus plane. versal point in our experimental situation, and then apply 45' of mediolateral tilt. The first maneuver would increase our response measures for the 45" backward canal-tilt position by (l/cos 45"), and the subsequent maneuver would further increase it by the same percentage. If these geometric assumptions of canal orientation are valid then, in moving the vertical canal from its orientation in the 45' backward-tilt position,
The horizontal canal primary afferent response to chair oscillation increased when the head was pitched forward, the effect peaking at about 21" of tilt in the example shown in Fig. 3 . This peak defines the pitch angle at which the response plane of the horizontal canal most nearly approximates the horizontal stimulus plane. The responses of most canal afferents were only examined in relation to chair oscillations with the head in one Otolith afferents are segregated on the basis of the direction of pitch tilt (forward/backward) that resulted in an increased steady discharge rate. Values in parentheses are percentages.
which we have adopted as our standard, into the horizontal plane, the measured neural response would increase by a factor of (l/cos2 45"), which conveniently equals 2. Clearly, this procedure only provides an approximate estimate of the maximum sensitivity of vertical canal units, but it is probably not as poor as one might think; even an 18' error in the estimation of the first canal orientation will itself only result in an error of approximately 5% in the estimate of canal afferent sensitivity.
RESULTS
Recordings were obtained from 551 fibers judged to be in the vestibular portion of the eighth nerve. Of these, 296 were recorded in normal animals and 255 in animals adapted to dove prism spectacles. As seen in Table 1 , the sampling of the various fiber types was very similar in the normal and prism-adapted animals and, in particular, the proportions of unresponsive units were almost identical.
Canal orientations
The cosine functions relating the neural modulation evoked by standard chair oscillations to head orientation in pitch allowed us to derive an estimate of the orientation of each of the canals from which recordings were made. Root mean square errors for the nonlinear, least-squares best-fit curves ranged from 0.04 to 0.2. Since the range of pitch angles employed was limited to *25% from the standard stereotaxic position, our estimates of canal orientation are based on the peaks of the fitted cosine curves for the horizontal canals and the reversal points for the vertical (see METHODS) .
These data are summarized in Table 2 , from which it is ap- Values + SE represent the forward (nose-down) pitch angles (measured from the standard stereotaxic position) at which vertical canal afferents reversed their response to chair oscillation and horizontal canal afferents reached a peak. All data derived from leastsquares best-fit cosine functions. parent that the standard errors were usually less than 1".
We were surprised by the extent of the variability in reversal points for given vertical canals from one animal to another, though some of this may have been due to a failure on our part to orient the implanted head pedestal exactly the same each time. However, this may not be the major factor since there was considerably less variability in the physiologically determined orientations of the horizontal canals.
Response parameters of canal afferents in normal and prism-adapted monkeys
The following parameters were determined for each canal afferent: I) the resting discharge rate (in spikes l s-l), as estimated from 5-s spike counts while the head was station- ary; 2) the sensitivity to angular head velocity (in spikes l Udeg l s-l), as estimated from the peak-to-peak neural response/peakto-peak chair velocity with sinusoidal oscillations of 0.2 Hz, *20" for horizontal canal units and 0.4 Hz, t20" for vertical; all values were normalized for canal orientation and represent estimates of the sensitivity expected if the canal in question were optimally oriented with respect to the stimulus plane, i.e., horizontal (see METHODS);
3) the phase relative to angular head velocity (in degrees), as estimated from the peak excitatory neural response and the peak chair position during the sinusoidal chair oscillations (peak chair velocity was 90 t 2O phase advanced on peak chair position).
The quantitative distributions of each of these parameters within the normal and prism-adapted populations of canal afferents are shown in the histograms of Figs. 4-6 . A cursory examination of these data is suf3icient to reveal that any differences that may exist between the canal afferents in normal and prism-adapted animals are very minor, and this impression is reinforced by statistical analyses. Two different nonparametric procedures were used to test the null hypothesis that the normal and prismadapted distributions were the same: the Smirnov test, which is sensitive to all types A HORIZONTAL CANAL UNITS of differences that may exist between the ously, not for the phase (Smirnov, 0.02 < P two distributions, and the Mann-Whitney < 0.05; Mann-Whitney, 0.001 < P < 0.01). (Wilcoxon) test, which is more sensitive to Thus, at 0.2 Hz, the horizontal canal units differences between the means or medians in the prism-adapted animals tended to have of the two distributions. Both tests failed a greater phase lead than normal. However, to reveal any significant differences (P though statistically significant, this phase > 0.05) between the vertical canal units in difference was small; e.g., mean phase lead the normal and prism-adapted animals in relative to velocity for normal units was + 17" sensitivity, phase, or resting rate. The same and for the prism-adapted, +20.9". It is difwas true of the sensitivity and resting rate ficult to imagine how a slight increase in for the horizontal canal units though, curi-the phase lead of the primary afferents could be causally related to the large phase lags seen in the VOR of the prism-adapted animals, and we are more inclined to believe that it reflects a sampling bias.
It could be argued that the adaptive changes in the VOR might be mediated by a subpopulation of primary afferents, especially since ocular stability is not the only funct .ion served tion data such bY as the canal input; p opulathose presented above could obscure such changes. It is difficult to entirely refute such criticism. If these changes were specific to one parameter, say the phase or sensitivity, then one might expect them to be revealed in the correlation functions relating the three parameterssensitivity, phase, and resting rate. However, only sensitivity and phase were significantly correlated (P < O.OOl), with the more sensitive canal afferents tending to be more phase advanced, and statistical analysis revealed no significant differences between the unit populations from the normal and adapted animals (P > 0.05, Student's t test). The graphs in Fig. 7 provide further details of the sensitivity-phase interrelationships and fail to provide any compelling evidence for an aberrant subpopulation among the prismadapted units. The sensitivity-phase relationship was reasonably linear in the horizontal canal units and the regression line for the normal units (slope 16.3, intercept +6.7") was not significantly different (Student's t test) from that for the prism adapted (slope 18.3, intercept +8.3"). However, for reasons that are not apparent to us, this relationship was less clear in the vertical canal units; in both the normal and the prism-adapted populations there was an obvious tendency for phase lead to increase with sensitivity over the lower part of the sensitivity range, but the effect seems to saturate at a sensitivity of about 1 spike l s-lldeg *s-l, and thereafter there was little further increase in the phase lead.
Two of the characteristic abnormal features of the VOR in prism-adapted animals are that as the test frequency is increased from 0.1 to 1 .O Hz, there is a considerable drop in gain and, particularly in the later stages of adaptation, a progressively increasing phase lag (17) . Over this same test range, the velocity sensitivity of the semicircular canal afferents in the normal monkey showed a linear-log relationship with frequency, and this was preserved almost exactly in the 14 units taken from prism-adapted animals (see Fig. 8 ). The phase lead normally seen in canal afferents typically showed a trough at 0.3-0.4 Hz (cf. Ref. 4) , and though this was still evident in the units taken from the prism-adapted animals, the lead at 1 .O Hz tended to be a few degrees less than the normal (see Fig. 8 ). However, this small deviation from normality in the primary afferents is rather trivial compared to the large frequency-dependent phase lag in the reflex over the 0. l-to 1 .O-Hz range (average in excess of 90"; cf. Fig. 9E in the preceding paper), and suggests that the primary afferents do not contribute in any significant way to the abnormal Bode plots characterizing the prism-adapted reflex.
DISCUSSION
The present experiments failed to provide any compelling evidence that might suggest that the information conveyed to the brain stem by semicircular canal afferents is in any significant way different in prism-adapted and normal monkeys. Such minor differences as were noted were often uncorrelated with the changes observed in the VOR; e.g., horizontal canal units in the prismadapted animals were on average a few degrees phase advanced relative to normal at 0.2 Hz, while the VOR in these animals was considerably phase lagged. We feel that such differences are probably the result of a sampling bias. Since the vestibuloocular responses of the prism-adapted animals were vastly different from the normal in both gain and phase, we can certainly rule out any major role for the vestibular efferents in the adaptive processes underlying either of these changes in the vestibular system. Although we cannot totally exclude very minor changes in the labyrinth, it is clear that most if not all of the adaptive elements in the VOR must lie within the central nervous system.
